The longitudinal dynamics of drift compression is studied for a space-charge-dominated beam is studied. A nonperiodic quadrupole lattice is designed for a beam undergoing drift compression, and an adiabatically-matched solution is found for the transverse envelope equations in the non-peroidic lattice.
INTRODUCTION
In the currently envisioned configurations for heavy ion fusion (HIF), it is necessary to longitudinally compress the beam bunches by a large factor after the acceleration phase and before the beam particles are focused onto the fusion target. In order to obtain enough fusion energy gain, the peak current for each beam is required to be order 103A, and the bunch length to be as short as 0.5m. However, to deliver the beam particles at the required energy, it is both expensive and technically difficult to accelerate short bunches at high current. First of all, because of the finite rise time of the accelerating waveform, it is much easier to accelerate and transport beam bunches longer than 10 m. Second, short bunches have higher current (density) and therefore stronger space-charge effects which can increase the beam emittance and induce halo particles.
The objective of drift compression is to compress a long beam bunch by imposing a negative longitudinal velocity tilt over the length of the beam in the beam frame. A s a result, the beam length is reduced as the beam drifts downstream, until the space-charge force in the longitudinal direction becomes strong enough to remove the initial velocity tilt. Different longitudinal compression schemes have been studied in particle simulations [l, 21 and in numerical solutions of a cold-fluid model [3, 4, 51. There are also variations in the assumed axial line density profile of the bunched beam. In Haber's study [l], for example, the line density is uniform in the middle of the pulse but falls off at the ends, whereas in the study of Bisognano, et a1 [3] . the line density is parabolic. Not all compression schemes can be rigorously called drift compression in the sense that in some studies a potential is continuously applied to the beam [ 13, or several midcourse pulse reshapings are needed [4] . In this paper, we first study the longitudinal dynamics of drift compression using a longitudinal envelope equation derived from an exact self-similar solution of a one-dimensional warm-fluid model. Because the space-charge force increases as the beam is compressed. a larger focusing force is needed to confine the beam in the transverse direction. It is necessary to have a non-* Research supported by the U.S. Department of Energy periodic quadrupole lattice along the beam path when the beam is undergoing longitudinal compression. In this paper, we describe the design of such a focusing lattice, in which we search for "adiabatically"-matched solutions of the transverse envelope equations. Because the lattice is non-periodic, the concept of a "matched" beam is not welldefined. However, if the non-periodicity is relatively weak, we can still attempt to find "adiabatically"-matched solutions. We will use the following set of beam parameters typical of heavy ion fusion in the present study, while the general methods are applicable to other parameter regimes and application areas. We consider a Cs+ beam with rest mass m = 133 mp, where mp is the proton mass, kinetic energy (y -l ) m c 2 = 2.5 GeV, and initial beam length ZbO = 9.5 m. Our goal is to compress the beam by a factor of 16, i.e. , Zbf = zb0/16 = 0 . 6 m . The final average current is taken to be ( I f ) = 2500A.
LONGITUDINAL DYNAMICS
We use a one-dimensional warm-fluid model to describe the longitudinal dynamics of drift compression. For the longitudinal electric field, the conventional g-factor model is adopted with:
-
Here, e is the charge, X ( t , z ) is the line density, rw is the wall radius, and r b is the average beam radius. We also allow for an externally applied focusing force F , = --Ic,z. In the beam frame, the warm-fluid equations for the line density X ( t , z ) , longitudinal velocity w,(t, z ) , and longitudinal pressure p , (t, z ) are given by
We treat g and Tb as constants for present purposes. Equations. (2) , (3) and (4) form a nonlinear hyperbolic system of partial differential equations (PDEs). If 6, and p , are neglected, Eqs. (2) and (3) --where j v b is total number of particles in the bunch. Equation (13) implies that p z increases as zb decreases. The energy equation (4) (7) can be obtained by solving the longitudinal envelope equation (14) numerically.
For K~ = 0, the longitudinal envelope equation (14) can be integrated once to give the relation such an adiabatically-matched solution indeed exists. On the other hand, for the problem of drift compression, we describe the design of a non-periodic lattice which provides the required control of beam radius when the beam is compressed, and equally importantly, minimizes the possibility of global mismatch. It is intuitive that a lattice, which keeps both the vacuum phase advance and depressed phase advance constant, is less likely to induce beam mismatch. Lee, et a1 [8] , derived the expressions for the vacuum phase advance U, and depressed phase advance (T given by Fig. 2 together with the solutions to Eqs. (17) and (18). After determining the non-periodic lattice layout, we search iteratively for the adiabatically-matched solutions to Eqs. (17) and (18). Currently, there are no well-defined rules to determine a prior which solution is adiabatically-matched. In general, satisfactory results can be obtained by using an intuitive trial-and-error approach. The solutions plotted in Fig. 2 are adiabatically-matched, because the envelope is locally matched and contains no oscillations other than the local envelope oscillations. On the global scale, the beam radius increases monotonically. From the numerical solution shown in Fig. 2 , the average beam size increases by a factor of 2, which agrees with the design assumption.
CONCLUSIONS AND FUTURE WORK
In this paper, we have studied the longitudinal dynamics of drift compression for a space-charge-dominated beam using a longitudinal envelope equation which describes the self-similar drift compression solution of a onedimensional warm-fluid model. A non-periodic quadrupole lattice configuration has been designed for a beam undergoing drift compression with fixed vacuum phase advance and depressed phase advance. An adiabatically-matched solution was found for the transverse envelope equations in the non-periodic lattice. Research in this area is still far from complete. Many important questions remain to be answered. In particular, physics issues related to the stability of drift compression schemes, longitudinal "shock" formation, and emittance growth during the, compression deserve special attention. New results in these areas will be reported in the future.
